Many viral and cellular promoters transcribed in higher eukaryotes by RNA polymerase H lack obvious A+T-rich sequences, called "TATA" boxes, that bind the transcription factor TFID. One rpL32 (9). Although these promoters exhibit various degrees of heterogeneity in their sites of transcription initiation, they initiate predominantly at one site despite their lack ofa TATA box.
We conclude that many, if not all, TATA-less promoters differ from TATA box-containg promoters simply in the affinity of their -30 regions for binding of TFID, with functional binding of TFUD supported in part by other nearby sequence elements of the promoter. rpL32 (9) . Although these promoters exhibit various degrees of heterogeneity in their sites of transcription initiation, they initiate predominantly at one site despite their lack ofa TATA box.
The SV40 late promoter is one of the best-characterized TATA-less promoters. Although transcription initiates at numerous sites (ref. 10 and references therein), the major late initiation site at nucleotide (nt) 325 accounts for 70-80%o of the steady-state viral RNA accumulated by late times after infection of monkey and human cells (11) . Three sequence elements, located in the regions -30, +1, and +30 relative to the major start site, are required for significant transcription initiation (5) . It has been shown that the -30 region element can be replaced by a sequence more closely resembling a TATA box (12, 13) . We show that the cloned human TATA box binding component of TFIID, referred to as hTFIIDT (14) , directly binds the SV40-MLP -30 region element in a manner functionally analogous to the way it binds the TATA box of TATA box-driven promoters, albeit with a somewhat lower affinity. Each of several other TATA-less promoters tested also contains a sequence =30 bp upstream of its major transcription initiation site that binds hTFIIDT. We conclude that, in many cases, the difference between TATA boxcontaining and TATA-less promoters with respect to upstream binding of TFIID is a quantitative difference in the affinity with which TFIID by itself binds the -30 region.
The mechanism of transcription initiation by RNA polymerase II in higher eukaryotes has been best characterized for promoters such as the adenovirus 2 major late promoter (Ad-MLP) that have an A+T-rich sequence, often resembling "TATAA," located -30 base pairs (bp) upstream of the initiation site (1) . An early step in the formation of transcription initiation complexes on these promoters is the binding of the cellular factor TFIID to their "TATA" boxes (2). These TATA box sequence elements, in conjunction with sequences -'30 bp away at the site of initiation (3) , determine the precise location of transcription initiation by RNA polymerase II.
Despite the apparent central importance of TFIID in transcription initiation by RNA polymerase II, numerous promoters transcribed by this polymerase have been found that lack a TATA box -'30 bp upstream of their initiation site (for review, see ref. 4 ). Among these TATA-less promoters are the simian virus 40 (SV40) MLP (for review, see ref. 5 ) and promoters for murine terminal deoxynucleotidyltransferase (TdT) (6), human dihydrofolate reductase (7), interferon regulatory factor (8) , and mouse ribosomal protein gene MATERIALS AND METHODS DNAs. All plasmid DNAs were constructed by standard recombinant DNA techniques (15) . Plasmid pSVS contains wild-type (WT) SV40 830 inserted at its EcoRI site into a pBR322-derived vector (16) . Plasmid pSV1770(sub294) is a derivative of pSVS in which SV40 nt 294-298, inclusive, containing the TFIID binding site, has been replaced with 5'-dCCTCGAGG-3' (17) . Plasmid pSV1790 is a derivative of pSVS made by E. Murray of our laboratory (personal communication), in which SV40 nt 319-336, inclusive, has been replaced with the sequence 5'-dCTGGGCAGGTCTC-GAGACCTGCCCAG-3'. Plasmid pSV1791(dup3O9), containing the 10-bp direct repeat of SV40 nt 309-318, inclusive, was constructed by hybridization and ligation ofthe synthetic oligonucleotides 5'-TTCATCCTCTTTCAGAGGTTATT-TCAGGCCAT-3' and 5'-CACCATGGCCTGAAAT-AACCTCTGAAAGAGGA-3' into BspMI-cut pSV1790. Plasmid pSV1792(dup320), containing the 10-bp direct repeat of SV40 nt 320-329, inclusive, was constructed by hybridization and ligation of the synthetic oligonucleotides 5'-Proc. Natl. Acad. Sci. USA 89 (1992) 5815 TTCAGAGGTTATTTCAGGTTATTTCAGGCCAT-3' and 5'-CACCATGGCCTGAAATAACCTGAAATAACCTC-3' into BspMI-cut pSV1790. Plasmid pSV1793(ins319), inserting CAGT repeats at SV40 nt 319, was constructed by hybridization and ligation of the synthetic oligonucleotides 5'-TTCAGTCAGTCAGTGAGGTTATTTCAGGCCAT-3' and 5'-CACCATGGCCTGAAATAACCTCACTGA-CTGAC-3' into BspMI-cut pSV1790.
Competition Gel-Mobility-Shift Assays. Competition gelmobility-shift assays were performed as described (18) (12, 13) : some mutations decrease transcriptional activity (e.g., pSVsKA1 in Fig. 1B ) and others increase it (e.g., pSVsKC2 in Fig. 1B ). The relative abilities of 20-bp double-stranded oligonucleotides containing the -30 regions of WT SV40-MLP and the two point mutants pSVsKA1 and pSVsKC2 (Fig. 1B) to compete for binding of hTFIIDr to a 24-bp double-stranded oligonucleotide containing the TATA box of the Ad-MLP were measured by competition gelmobility-shift assays (Fig. 1A) . The SV40 WT oligonucleotide competed for binding ( (see below). The pSVsKC2 oligonucleotide competed better for binding of hTFIIDr than did the wild-type oligonucleotide (Fig. 1A, lanes 11-14) , whereas the pSVsKA1 oligonucleotide competed less well (Fig. 1A , lanes 7-10) (see Fig. 1B for  summary) . Therefore, the efficiency of transcription initiation at the SV40-MLP correlates with the affinity of binding of hTFIIDT to its -30 region.
Genetic Properties of the SV40-MLP TEI) Binding Site. If binding of hTFIIDr to the -30 region of the SV40-MLP has functional significance, one would also predict that insertion of base pairs between this TFIID binding site and the major initiation site at nt 325 should result in a shift in the initiation site such that it remains -30 bp downstream of the hTFIIDr binding site (1) . To test this prediction, we constructed pSV1791(dup3O9), a variant of pSVS(WT) containing the 10-bp direct repeat of SV40 nt 309-318, inclusive (Fig. 2C) . Analysis of the 5' ends of the transcripts synthesized from this mutated promoter in transfected monkey cells showed that 50%o of transcription initiations are no longer at nt 325; rather, they have shifted upstream to two locations, nt 318 and 321, 30-32 bp from the TFIID binding site (Fig. 2B, lanes  4 vs. 2) . In a cell-free transcription system, this mutation results in greater heterogeneity of initiation than in vivo, with nt 321 becoming the major start site and the amount of transcription initiating at nt 325 being reduced to one-sixth of that observed with the WT promoter ( Fig. 2A, lanes 4 vs. 2 ).
Since the exact locations of these start sites are probably influenced by the preference of RNA polymerase II to initiate at certain sequences (1), two additional constructs, pSV1793(ins319), containing an insertion of three CAGT repeats, and pSV1792(dup320), containing a 10-bp direct repeat of the SV40-MLP initiation site (Fig. 2C) (Fig. 2C) , were synthesized in vitro ( Fig. 2A, lane 3 ) and in vivo (Fig. 2B, lane 3) . This mutation resulted in both a 3-to 6- Fig. 4 . The sequence used in the control lanes was 5'-GCTGCGCCGGCTGTCACGCCAG-3'. ML, major late; DHFR, dihydrofolate reductase; IRF-1, interferon regulatory factor. ation site. In addition, they indicate that pure hTFIIDr can bind to diverse sequences, with direct binding of hTFIIDr to the -30 regions of many TATA-less promoters probably also contributing to determining the initiation site. Therefore, we propose a model (Fig. 5) , the "context hypothesis," in which diverse sequences can serve to bind TFIID =30 bp upstream of the site of initiation, thereby contributing to the formation of the initiation complex provided they are in a proper context of other sequence elements upstream, downstream, and at the site of initiation. This hypothesis can be reconciled with the tethering hypothesis, since association with the rest ofthe transcription machinery, possibly by associated factors (for review, see ref. 24) , is required to stabilize hTFIIDT binding to -30 region elements. The context hypothesis predicts that, although the affinity of hTFIIDT for these sequences may be less than its affinity for consensus TATA boxes, (i) the function of TFIID is not qualitatively different from its function at TATA box-containing promoters and (ii) the affinity of hTFIIDT for the -30 region may inversely correlate with the requirement of these flanking sequences for efficient initiation. Specifically, binding of TFIID is an early step in formation of a stable initiation complex and is a major but not exclusive determinant of the site of initiation. Evidence presented here in support of this hypothesis is as follows. Summary of relative hTFIIDT binding affinities for the -30 regions of the TATA-less promoters analyzed in this study. The "sense" strand of each double-stranded oligonucleotide used as competitor is indicated, with its position given relative to the major initiation site. Boxed is the best match of each oligonucleotide in the sense orientation to a weighted sequence matrix optimized to match TATA box elements [determined as described by Bucher (20) TATA-less promoters can occur in the absence of other proteins (Figs. 1 and 3) . (ii) hTFIIDr binding affinity correlates with the amount of initiation at the SV40-MLP (Fig. 1) . (iii) Sequences 30 bp downstream of a TFIID binding site play a role in determining the precise site(s) and efficiency of initiation (Fig. 2) . Also consistent with the context hypothesis are the findings of (i) Lieberman and Berk (25) Proc. Natl. Acad. Sci. USA 89 (1992) probably functionally bind the diverse -30 regions of different promoters.
Lastly, the data presented here and elsewhere (27, 28) indicate that it is not clear what sequences make up a TFIID binding site. For example, the initiation site element of the SV40-MLP contains the sequence TGAAATAA. This sequence more closely matches a statistically derived TATA box-weighted sequence matrix (20) than does the SV40-MLP -30 region sequence. Nevertheless, it is at best only weakly protected from DNase I cleavage by hTFIIDT under conditions that significantly protect the -30 region (data not shown). Therefore, the affinity of hTFIIDT for a given sequence must, for now, be determined experimentally. In particular, one must biochemically measure the affinity of TFIID for individual promoters to determine whether any promoters exist that truly lack a TFIID binding site.
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